The purpose of the work was to quantitatively characterize temperature effects on the bacterial leaching of sulfide ore material containing several sulfide minerals. The leaching was tested at eight different temperatures in the range of 4 to 37°C. The experimental technique was based on column leaching of a coarsely ground (particle diameter, 0.59 to 5 mm) ore sample. The experimental data were used for kinetic analysis of chalcopyrite, sphalerite, and pyrrhotite oxidation. Chalcopyrite yielded the highest (73 kJ/mol) and pyrrhotite yielded the lowest (25 kJ/mol) activation energies. Especially with pyrrhotite, diffusion contributed to rate limitation. Arrhenius plots were also linear for the reciprocals of lag periods and for increases of redox potentials (dmV/dt). Mass balance analysis based on total S in leach residue was in agreement with the highest rate of leaching at 37 and 28°C. The presence of elemental S in leach residues was attributed to pyrrhotite oxidation.
Biological leaching processes for metal recovery are based on the bacterial oxidation of sulfide minerals, basically involving ferrous iron and various inorganic sulfur compounds as the electron donors (9, 14) . These processes are used on a commercial scale in dump leaching operations for Cu recovery (12) and in tank leaching for the pretreatment of refractory, pyrite-and arsenopyrite-containing gold ores (10) . Although biological leaching rates are greatly influenced by the prevailing temperatures, relatively little is known about the temperature limitation on the bacterial oxidation of the various sulfide minerals in leaching operations. Temperatures of open mine waters and leach solutions display seasonal changes in surface heaps, whereas underground leach circuits are characterized by relatively constant temperatures. Sulfide ores are potential heat sources, but little is known about temperature distribution in existing heap leaching systems. Elevated temperature zones within ore piles have been reported. In general, however, temperature distribution is highly variable in leach mines. Mesophilic bacteria active in leach mines, namely, Thiobacillus ferrooxidans and Leptospirillum ferrooxidans, can function at temperatures up to about 40°C, above which they show thermal responses such as rapid expression of heat shock proteins and loss of normal cellular activities, including carbon dioxide fixation (6, 8) . Moderately thermophilic acidophiles are active in the temperature range between 40 and 60°C, and thermophilic bacteria (e.g., Sulfobacillus, Acidianus, and Sulfolobus spp.) can thrive at temperatures up to 80°C (11) . In the lower-temperature range, ironoxidizing thiobacilli continue to be metabolically active at 2 to 4°C, but they display temperature optima in the mesophilic range of around 30 + 3°C (1, 3, 7) . Biological oxidation of sulfur displays a similar temperature response (4) . Truly psychrophilic bacteria have not been characterized from biological leaching operations.
In the present work, the biological leaching characteristics of a high-grade sulfide ore material were evaluated over a * Corresponding author. (5) . For this report, the temperature relationships were quantitated for the bacterial oxidation of the sulfide minerals occurring in the sample. Mass balances for sulfur and metals were also determined at the termination of the leaching tests.
MATERIALS AND METHODS
The ore material was the same as in the previously reported shake flask experiments (5). The sample was ground and sieved to a particle size of 0.59 to 5 mm, and it had the following average chemical composition on the basis of four replicate 400-g samples (percentages are wt/wt): Cu, 6.0%; Zn, 0.4%; Ni, 0.078%; Co, 0.62%; Fe, 37.8%; total S, 35.7%. The sample contained approximately 40% pyrite, 20% pyrrhotite, 17% chalcopyrite, 0.4% Co,Ni-pentlandite (Co/Ni, -1:1), and 0.7% sphalerite. Pyrite contained 0.6% Co and 0.02% Ni. Pyrrhotite contained 0.03% Co and 0.3% Ni.
Each air lift column was charged with 400 g of ore sample and 800 ml of mineral salts solution [0.4 g each of (NH4)2SO4, K2HPO4, and MgSO4 7H20 per liter]. The samples were initially preleached with frequent pH adjustment for 2 days without bacteria to neutralize alkaline materials before the leaching was started by addition of 50 ml of a composite mine water sample. This composite sample originated from a copper mine (3) The concentrations of dissolved metals were measured with atomic absorption spectrometry. At the termination of the experiments, leaching residues were air dried and weighed. The elemental composition of solids was determined with both atomic absorption spectrometry and X-ray fluorescence spectrometry. Total sulfur was determined by X-ray fluorescence spectrometry or by conversion to S02 (induction furnace) followed by infrared detection. Elemental sulfur was determined by iodometric titration. Sulfate in leach solution was determined indirectly with excess BaCl2 addition followed by atomic absorption spectrometry.
As in our previous report (5) , kinetic evaluation was based on rate determinations, using a shrinking-particle model and a shrinking-core model. Fundamentals of these models have been discussed by Sohn and Wadsworth (13, 15) . Both models were simplified to rate expressions that could be used to linearize the data for rate calculations.
In the simplified shrinking-particle model, the rate constant (k) is expressed as k = {ln [Wd(Wo -y)]}It, where WO is the initial metal content in the ore sample, y is the amount of metal in solution, and t is time. This model predicts that the leaching rate is proportional to the residual mass of the mineral. The respective half-lives were calculated from the rate constants as ln 2/k.
In the shrinking-core model, the rate constant is expressed as k = y//t, which indicates a parabolic relation between the amount of metal in solution and the time. The leaching rate is inversely proportional to the concentration of the dissolved metal. The times required for 25, 50, and 90% leaching were thus calculated from the respective rate constants as y2/k2.
RESULTS AND DISCUSSION Acid consumption. Time courses of leaching experiments at three different temperatures are presented in Fig. 1 . The acid demand was not satisfied during the preleaching period and necessitated periodic pH adjustments of the leach solutions to maintain the pH below 2.2. Also, acid consumption was associated with the beginning of active leaching (Fig. 1A to C). As the leaching progressed, the acid demand decreased. Acid production due to the bacterial leaching became gradually sufficient only at 37°C and decreased the pH to 1.5 ( Fig. 1A) . At lower temperatures, acid consumption continued to exceed acid production. Acid demand ranged between 90 and 450 g of sulfuric acid per kg of ore material, with columns held at the highest (37°C) and lowest (4°C) temperatures displaying the lowest and highest acid consumption, respectively.
Initially, the redox potentials were around 350 mV and increased to the 500-to 600-mV range during active leaching. At 4°C, the redox potential did not increase, suggesting that iron in solution was predominantly in the ferrous form (Fig.  1C) .
Leaching of chalcopyrite. Chalcopyrite was virtually the exclusive copper mineral in this ore material, and secondary copper minerals were present in negligible amounts. The increase in the concentration of copper displayed linearity during the leaching ( Fig. 2A) . At 28°C the leaching levelled off after 150 day.s, and subsequent concentrations slightly declined, suggesting copper precipitation. An Arrhenius plot yielded a linear relationship between the rate constants and test temperatures (Fig. 3A) . Leaching of pyrrhotite, pentlandite, and pyrite. On the basis of the Ni content and the relative abundance of pyrrhotite and pentlandite, it was estimated that approximately 50% of the total nickel was associated with pyrrhotite. Mineralogical examinations of leach residues have revealed a preferential solubilization of pyrrhotite in relation to pentlandite. The initial solubilization of Ni was thus taken to represent the leaching of pyrrhotite.
After lag periods, nickel solubilization displayed a fast phase followed by a gradual decline as a function of time (Fig. 4A) . These leach curves displayed linearity on parabolic plots (Fig. 4B) . The kinetic parameters are listed in Table 3 . An activation energy value of 25 kJ/mol was calculated from the respective Arrhenius plot (Fig. 3C) .
Pentlandite (ca. 0.4% in the sample) was associated with pyrrhotite, and it was coleached during pyrrhotite oxidation. The molar proportion of cobalt and nickel [Co/(Co + Ni)] was close to 0.67 and remained relatively constant during the leaching, except in the 37°C experiment in which cobalt was dissolved in increasing amounts relative to nickel. The relatively constant ratio of cobalt and nickel indicates a common source of the two metals, namely, Co,Ni-pentlandite. In addition, because acid production due to bacterial leaching was not apparent at temperatures other than 37°C, it was concluded that the main source of cobalt was the Co,Ni-pentlandite. The increasing concentration of Co at 37°C demonstrates the presence of an additional source of dissolved Co, namely, pyrite. Thus, except for the column at 37°C, relatively minor amounts of pyrite were dissolved in these experiments. The lack of significant pyrite oxidation was also supported by observations that acid consumption continued in all columns except at the highest test temperature, as shown in Fig. 1B and C for column leaching at 19 and 40C.
Effect of temperature on bacterial activity. The progress of the bacterial leaching process was indicated by changes in pH and redox potential values (Fig. 1) . At the beginning of the experiments, the pH remained constant until the acid consumption due to oxidation of monosulfides (mainly pyrrhotite) started. The concurrent oxidation of soluble ferrous iron was reflected in the increase of redox potential. A pronounced acidification of the solution due to the oxidation of pyrite was only observed at the highest temperature.
The lag periods were taken to parallel the phase of low redox potential. At the lower temperatures (7 and 40C), the increase in redox potential was less pronounced than at higher temperatures. In this case, the lag periods were estimated to precede a rapid increase in acid consumption, coinciding with Ni and Zn leaching. Thus, iron remained mainly in the reduced form in the bacterial leaching at 4 and 7°C. At higher temperatures, acid consumption is more effectively neutralized by ferric iron hydrolysis and concurrent pyrite oxidation. At 37°C, the initial phase of increasing redox potential was prolonged, probably because of relatively fast reduction of ferric iron by sulfides.
Changes in the redox potential were also used to determine the length of the lag period at each test temperature.
The lag periods were 5 days at 280C, 7.5 from the same source of mine water for initial enrichments (3).
Redox potentials sensitively reflected changes in the Fe3+I
Fe2" ratios of dissolved iron in leach solution. The redox potential remained low at 4°C, but at all other test temperatures the redox potentials reached values of >500 mV. The increases in redox potential displayed linearity (Fig. 6) , and the respective slopes were related to the temperature of incubation. Rate constants (dmV/dt) yielded a linear Arrhenius plot (Fig. SB) and an activation energy value of 87 kJ/mol, which was comparable to the previous estimates based on either lag periods (85.5 kJ/mol) or direct measurements of bacterial iron oxidations (83 kJ/mol). Leaching residues. The chemical composition of the solid residues and their respective weights are presented in Table  4 . These data were further used for mass balance calculations, which are presented in Table 5 . The yields of leaching estimated from the analyses of solid residues were generally in agreement with yields calculated from the concentrations of metals in solution.
The mass balances at the higher test temperatures dis- The amount of sulfate added to the experimental columns in the form of sulfuric acid and mineral salts exceeded the amount of sulfate produced during the leaching. Therefore, a mass balance involving sulfate was not estimated. Total S in the solid residues was lowest in the 37°C sample, indicating the formation of soluble sulfate. A decreased residual sulfide content at 37 and 28°C was also apparent. Elemental S in the solid residues ranged between 10 and 18% of the total S, and this is largely attributed to pyrrhotite oxidation. Sulfur in the form of sulfate was present at 0.3 to 1.3% of the total S in the solid residues.
A small sample of residual precipitates was removed from each column for elemental analysis ( Table 6 ). The samples were used as a composite except the sample from the 4°C column, which was analyzed separately ( Table 6 ). The data indicated the presence of iron precipitates, which under these experimental conditions are primarily jarosites. Relative to their concentration in solution, the precipitates retained Cu more efficiently than Zn, Ni, or Co. Calcium sulfate was not a major product. The high C content in sample 2 is taken to represent carbonate fines.
Concluding remarks. The work presented herein should be construed as an empirical study of relative leaching rates of sulfide minerals in a mixed system. The results do not represent the Ea values of pure, single minerals because the interactions between various minerals cannot be ruled out. Although they cannot be discerned from the experimental results, it is possible that galvanic coupling effects caused by physical contact between different sulfide minerals were involved in influencing column leaching rates.
The activation energy values determined in this study, including results from our previous experiments, are summarized in Table 7 . Activities related directly or indirectly to ferrous iron oxidation (i.e., Fe2+ oxidation, the resulting containing layer is presumed to form on the chalcopyrite surface, especially during the ferric-iron-dependent leaching. This was not apparent in the present work since the data yielded a good linear fit with the modified shrinking-particle model. Overall, the chalcopyrite leaching rate was low, and it is possible that the oxidation of the other sulfide minerals masked kinetic effects caused by the formation of secondary layers.
